Ubiquitination regulates a broad array of cellular processes, and defective ubiquitination is implicated in several neurological disorders. Loss of the E3 ubiquitinprotein ligase UBE3A causes Angelman syndrome. Despite its clinical importance, the normal role of UBE3A in neurons is still unclear. As a step toward deciphering its possible functions, we performed high-resolution light and electron microscopic immunocytochemistry. We report a broad distribution of UBE3A in neurons, highlighted by concentrations in axon terminals and euchromatin-rich nuclear domains. Our findings suggest that UBE3A may act locally to regulate individual synapses while also mediating global, neuronwide influences through the regulation of gene transcription. J. Comp. Neurol. 525:233-251, 2017. 
intellectual disability, absent speech, ataxia, seizures, and hyperactivity. On the other hand, increased UBE3A expression has been associated with autism-spectrum disorders (Abrahams and Geschwind, 2008; Glessner et al., 2009 ). Thus, maintenance of appropriate UBE3A levels is crucial for proper brain development and function.
Deletions or mutations of the maternal UBE3A allele are sufficient to cause AS (Kishino et al., 1997; Matsuura et al., 1997) . UBE3A protein is expressed primarily by the maternal allele in mature neurons, as a result of evolutionarily conserved, tissue-specific mechanisms of imprinting (Rougeulle et al., 1997; Vu and Hoffman, 1997) . Mouse models of AS carry maternally inherited Ube3a deletions and display many Angelman-like phenotypes, including learning and memory deficits, motor dysfunction, and seizures (Jiang et al., 1998 (Jiang et al., , 2010 Miura et al., 2002; van Woerden et al., 2007; Heck et al., 2008; Mulherkar and Jana, 2010; Margolis et al., 2015) . At the cellular level, AS mice exhibit abnormalities in synaptic transmission and plasticity (Weeber et al., 2003; van Woerden et al., 2007; Yashiro et al., 2009; Greer et al., 2010; Margolis et al., 2010; Wallace et al., 2012) , Golgi acidification (Condon et al., 2013) , and mitochondrial function Llewellyn et al., 2015; Santini et al., 2015) . This phenotypic diversity suggests a multiplicity of roles for UBE3A in neural function.
Previous immunohistochemical studies found UBE3A mainly in the nuclei of mature neurons, consistent with a proposed role in the coregulation of transcription (Nawaz et al., 1999; Bernassola et al., 2008; Pal et al., 2013) . However, the majority of putative UBE3A substrates are cytoplasmic proteins, and most cellular phenotypes in AS mice implicate loss of UBE3A function in nonnuclear compartments. This puzzle underscores the need for detailed examination of the subcellular localization of UBE3A, which we achieved in the present study through confocal colocalization analysis and highresolution pre-embedding immunogold electron microscopy performed in multiple regions of the mouse brain. By highlighting the subcellular compartments in which UBE3A is likely to function, our data provide insight into the diverse functional capacities of this E3 ligase.
MATERIALS AND METHODS Animals
All procedures related to the care and treatment of animals were in accordance with institutional and NIH guidelines, and all animal use protocols were reviewed and approved by the UNC Institutional Animal Care and Use Committee. Mice carrying the Ube3a knockout allele were originally generated in the laboratory of A. Beaudet (Jiang et al., 1998) and back-crossed to a congenic C57BL/6J background. AS model mice (Ube3a m-/p1 ), which maternally inherit the Ube3a knockout allele, were generated by mating wild-type (WT; Ube3a m1/p1
) male mice to female mice with paternal inheritance of the Ube3a knockout allele (Ube3a m1/p-), which themselves are phenotypically normal (Jiang et al., 1998; Mulherkar and Jana, 2010) . To generate Ube3a double-knockout (KO) mice (Ube3a m-/p-), female Ube3a m1/p-mice were mated to male Ube3a m1/p-mice.
A total of fifteen male P7 and 31 male adult (P60-P100) were used in this study, including eight P7 and 12 adult WT; four P7, and 10 adult AS model mice and three P7 and nine adult KO mice.
UBE3A antibody
To identify UBE3A, we used a mouse monoclonal antibody (3E5; Sigma-Aldrich, St. Louis, MO; catalog No. SAB1404508, RRID:AB_10740376) raised against a peptide corresponding to amino acids (aa) 315-415 (isoforms 1 and 3) or aa 336-436 (isoform 2) of mouse UBE3A. To verify antibody specificity, we performed immunocytochemistry on brain sections from AS model and UBE3A KO adult mice, run with sections from the littermate WT mice (Fig. 1) . We observed robust staining in WT mice (Fig. 1A,B) , whose overall pattern of immunostaining was consistent with previous observations (Judson et al., 2014) . Staining in AS model mice (Fig. 1C,D) was greatly reduced but not completely absent. In contrast, we observed only an extremely weak "background" pattern of UBE3A labeling in KO mice (Fig. 1E,F) , which was unrelated to staining patterns observed in WT brain sections. We conclude from these results that the antibody used here reacts specifically with UBE3A protein.
Tissue preparation
After induction of deep anesthesia with sodium pentobarbital (80 mg/kg, i.p.), male P7 and adult (P60-P100) mice were intracardially perfused with 50-100 ml fixative: 4% freshly depolymerized paraformaldehyde in phosphate buffer (PB, 0.1 M, pH 7.4) for light microscopy (LM), or a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in PB for electron microscopy (EM). Brains were sectioned at 50 mm and 100 mm on a Vibratome, and collected in cold PB. 1:10,000; Sigma-Aldrich; catalog No. SAB1404508, RRI-D:AB_10740376). Antigenic sites were visualized with donkey IgG conjugated to DyLight 549 (1:200; Jackson Immunoresearch, West Grove, PA). Some sections were then counterstained with DAPI (1:10,000; SigmaAldrich; catalog No. D9542) to visualize nuclei, and with NeuroTrace 640-660 (1:1,000; Invitrogen, Thermo Fisher Scientific, Rockford, IL; catalog No. N21483) to visualize neuronal somata. To verify antibody specificity, we performed immunocytochemistry on brain sections from AS model and Ube3a KO mice, run together with sections from WT mice. Experiments in which the primary antibodies were omitted were performed to control for nonspecific binding of the secondary antibody. Sections were examined with a Zeiss LSM 880 confocal microscope.
Electron microscopy
Floating sections treated with 1% sodium borohydride were blocked with 20% NDS and incubated in primary antibody (UBE3A, 1:10,000; Sigma-Aldrich; catalog No. SAB1404508, RRID:AB_10740376). Sections were then incubated with biotinylated goat-anti mouse IgG (1:2,000; Vector Laboratories, Burlingame, CA; catalog No. BA-9200), followed by 1.4-nm gold particles conjugated to streptavidin (1:50; Nanoprobes, Yaphank, NY; catalog No. 2016 
Image analysis and preparation of plates
To test UBE3A antibody specificity for preembedding EM immunohistochemisty further and to evaluate the distribution of labeling in different subcellular compartments, we collected large EM photomontages of neuropil (each 10 3 10 mm, 15 fields per mouse, three mice per group) from layers II and III of the primary visual cortex and from CA1 stratum radiatum region of the hippocampus taken from WT, AS model, and KO mice. We also collected EM photomontages of entire neuronal nuclei (15 nuclei per mouse, three mice per group) from layers II and III of the primary visual cortex and from CA1 stratum pyramidale region of the hippocampus. We then used ImageJ (Schneider et al., 2012; RRID:nif-0000-30467) to compute density of gold particles in neuropil and nuclei. Analyses of WT, AS model, and KO mice were carried out in a blinded fashion. EM photomontages collected from WT mice were further analyzed. Dendritic spines, presynaptic terminals, and dendritic shafts profiles were outlined in ImageJ, and the density of gold particles in each compartment was then computed.
To examine the quantitative relationship between staining for UBE3A and DAPI, we performed intensity 
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The Journal of Comparative Neurology | Research in Systems Neuroscience correlation analysis as described by Li et al. (2004) using the "Intensity correlation analysis" plugin in ImageJ (see the ImageJ web site of the Wright Cell Imaging Facility, Toronto Western Research Institute, Toronto, Ontario, Canada). For each pixel from the UBE3A and DAPI double-labeled material, DAPI intensity was plotted against the product of (UBE3A pixel value -UBE3A mean ) 3 (DAPI pixel value -DAPI mean ), with UBE3A pixel value and DAPI pixel value being the current pixel's intensity, and UBE3A mean and DAPI mean being the channel's mean intensity for the region of interest. Thus, if the values for both channels of a pixel are either above or below the mean, this product will be positive, whereas, if one channel is above the mean and the other is below the mean, the product will be negative. Accordingly, the x axis reflects the covariance of the channels, and the y axis reflects the intensity distribution of one of the two channels.
We used Corel Draw X7 (Corel, Ontario, Canada) to sharpen images (via the unsharp mask), adjust brightness and contrast, and compose final plates. These adjustments were performed uniformly on entire images; they were done exclusively to enhance the presentation quality of figures, without altering the content of the images. 
RESULTS

General distribution of UBE3A
UBE3A was expressed through all layers of the neocortex (Fig. 1A) ; no obvious differences in the pattern of labeling were seen across neocortical areas. At the subcellular level, UBE3A staining was prominent in nuclei; staining was detectable but weaker in somata and dendrites and in numerous small puncta throughout the neuropil ( Fig. 2A-D) . Counterstaining with NeuroTrace (a fluorescent Nissl stain) and DAPI showed that most neurons were immunopositive, whereas many nonneuronal cells had little or undetectable UBE3A. Within nuclei, UBE3A staining was typically organized into patches or blobs (Fig. 3A) . These blobs were interspersed with DAPI "hot spots" but generally did not overlap with them ( Fig.  3B) . Likewise, nuclear UBE3A staining did not overlap with NeuroTrace patches (Fig. 3C ), suggesting that UBE3A was excluded from nucleoli.
Expression was stronger in the hippocampus than in the neocortex, especially in the pyramidal cell layer of Ammon's horn and granule cell layer of the dentate gyrus (Fig. 1A) . The overall subcellular distribution resembled that of neocortex, with prominent nuclear staining (Figs. 2E-H, 3E-H) and weaker staining in the neuropil. The level of nuclear UBE3A in neurons was variable; this was particularly obvious in the dentate gyrus, where the hilar mossy cells were much more strongly stained than the adjacent granule cells (Fig. 2G,H ). In contrast, we saw little variation in the level of nuclear UBE3A within a given neuronal type (for example, among pyramidal neurons in CA1).
In the neostriatum, UBE3A was prominently expressed in the gray matter between fascicles of myelinated fibers, which themselves were only very weakly stained ( Fig. 4A-D) . At higher magnification, it was clear that UBE3A stained nuclei and small puncta throughout the neuropil ( Fig. 4E-H ). UBE3A stained all thalamic regions robustly; staining could be seen in nuclei and neuropil ( Fig. 4I-P ). In the cerebellar cortex, UBE3A labeling was strongest in the Purkinje cell layer, where Purkinje cell nuclei were intensely stained ( Fig. 5A-D) . In the molecular layer, Figure 2 . UBE3A staining is organized into small puncta that are highly concentrated in neuronal nuclei. White circles: Note the relative lack of staining in hot spots of condensed DNA (as defined by DAPI) and in nucleoli (as defined by NeuroTrace). Scale bars 5 10 lm.
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The Journal of Comparative Neurology | Research in Systems Neuroscience UBE3A stained scattered nuclei from small neurons and numerous puncta throughout the neuropil. Staining in the granule cell layer was weak. In contrast to those of Purkinje cells, the nuclei of granule cells contained very little UBE3A (Fig. 5E-H) . UBE3A was detected throughout the brainstem, although staining intensity varied across different regions. Particularly strong staining was found in the reticular formation, where large neurons in the gigantocellular nucleus were intensely stained ( Fig. 5I-P) .
Subcellular distribution of UBE3A
We examined the subcellular organization of UBE3A at higher resolution with electron microscopy, using preembedding immunogold labeling followed by silver intensification. We focused our attention on layers II and III of the primary visual cortex and the CA1 region of the hippocampus. Consistent with the LM results, labeling was especially prominent in nuclei (Fig. 6A-C) but was also present in somata and neuropil ( Fig. 6D-J) . To ensure that the labeling faithfully reflected the distribution of antigen rather than nonspecific adsorption (a problem often encountered in nuclei), we quantified labeling in tissue from KO and WT mice. In both neocortex and CA1 hippocampus, the density of gold/silver particles over the nuclei and neuropil was more than 10 times lower in KO than in WT tissue (Table 1) . We conclude that the overwhelming majority of the labeling in WT mice represented genuine UBE3A protein.
In WT mice, labeling was seen over both glia and neurons. Labeling in glial processes was often associated with the plasma membrane (Fig. 6J) . Neuronal labeling in dendritic spines and shafts was also frequently associated with the plasma membrane and with poorly defined tubulovesicular endomembranous structures ( Fig. 6G-I ). Labeling in neuronal somata was seen decorating the Golgi apparatus (Fig. 6D) . UBE3A particles were also associated with the outer mitochondrial (Fig. 6E arrows) . Within the neuropil, the majority of labeling was found in axon terminals from axospinous, axodendritic, and axosomatic synapses. In axon terminals, UBE3A was concentrated over the vesicles (colored green in Fig. 6E,F) . Quantitative analysis confirmed enrichment of UBE3A in both nuclei and axon terminals of the adult brain (Fig. 7A ). UBE3A concentration in nuclei was on average approximately four Figure 6 . Pre-embedding immunogold labeling for UBE3A in the adult forebrain. A,D,E,G,I,J are from cerebral cortex (primary visual cortex, layer I-II). B,C are from CA1 stratum pyramidale region of hippocampus. F,H are from CA1 stratum radiatum region of hippocampus (40-50 lm from stratum pyramidale). A-C: UBE3A labeling in nucleus (colored in blue); labeling is over euchromatin (Ec) domains but is not associated with heterochromatin (Hc) or nucleoli (N). D: UBE3A labeling associated with endomembranes of the Golgi apparatus. E,F: UBE3A labeling in presynaptic terminals (colored in green). G: UBE3A labeling close to postsynaptic densities. H: UBE3A labeling in an axodendritic synapse. I: UBE3A labeling in dendrites. J: UBE3A labeling associated with glial membranes. Arrows point to label associated with mitochondria; arrowheads point to label associated with endomembranous structures in dendrites, and circles mark label associated with glial plasma membranes. Scale bars 5 2 lm in A; 0.5 lm in B-F; 250 nm in G-I. times higher than that in the general neuropil (4.7 6 0.8 and 3.3 6 1.0 in neocortex and CA1 hippocampus, respectively) or dendrites (2.9 6 0.7 and 3.3 6 0.4 in neocortex and CA1 hippocampus, respectively) and also on average approximately four times higher in axon terminals than in the general neuropil (4.6 6 0.5 and 3.8 6 1.0 in neocortex and CA1 hippocampus, respectively).
We had previously determined by LM analysis that UBE3A expression shifts from the cytoplasm to the nucleus during postnatal development (Judson et al., 2014) . To characterize this phenomenon in more detail, we examined the subcellular organization of UBE3A in P7 mice. Quantification of labeling on tissue from KO mice reveals an approximately tenfold decrease in the density of gold/silver particles over the nuclei and neuropil, relative to WT (Table 1) , confirming the specificity of labeling. UBE3A was found in the same subcellular compartments in P7 as in adult mice; labeling could be seen in nuclei, somata, dendrites, and axon terminals (Fig. 8) . We also observed UBE3A gold/silver particles over vesicle clusters that had no obvious relationship to postsynaptic structures; we speculate that these may represent nascent presynaptic sites during early stages of synaptogenesis. UBE3A labeling seemed more uniformly distributed across the different subcellular compartments than in adults. Indeed, quantification in P7 brains, showed that UBE3A did not concentrate nearly as strongly in nuclei and axon terminals; labeling density in nuclei was only 15-25% higher than that in dendrites at this age (26.7 6 0.0 and 16.2 6 0.04 in neocortex and CA1 hippocampus, The analysis was performed on large EM photomontages of neuropil (each 10 3 10 mm, 15 fields per mouse, three mice per group) and on montages of entire neuronal nuclei (15 nuclei per mouse, three mice per group) from the CA1 region of the hippocampus and from layers II and III of the primary visual cortex. Data (expressed as percentage of label in WT mice) are means 6 SEM from three independent experiments. Figure 7 . Quantitation of UBE3A immunogold labeling density over different types of profiles in the adult (A) and juvenile (P7, B) mice. Labeling is generally similar in cerebral cortex (light bars) and hippocampus (dark bars) at both ages. In the adult, labeling is highly concentrated over nuclei and axon terminals; this differentiation is much less pronounced at P7. The analysis was performed on large EM photomontages of neuropil (each 10 3 10 mm, 15 fields per mouse, three mice per age group) and entire neuronal nuclei (15 nuclei per mouse, three mice per age group) from layers II and III of the primary visual cortex and from CA1 region of the hippocampus. Data are means 6 SEM from three independent experiments.
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UBE3A staining in AS mouse model
Unlike sections from KO mice, sections from AS model mice were not completely devoid of UBE3A staining (Fig. 1C) , leading us to doubt the total absence of neuronal UBE3A in the AS mouse model. Accordingly, we further investigated UBE3A distribution in AS mice, focusing on the primary visual cortex. Highmagnification views of UBE3A staining in AS mice showed that neuronal nuclei were devoid of staining but that small puncta were stained throughout the neuropil (Fig. 9A-L) . The overall intensity of staining was weaker than in the WT but was still clearly defined. Rare scattered neurons expressed levels of UBE3A staining similar to those of WT animals, in both cytoplasm and nucleus. Pre-embedding immunogold labeling was consistent with the LM results, confirming that staining in nuclei was generally undetectable but that some staining remained in the neuropil (Fig. 9N) . Part of the residual label was associated with small profiles likely to represent glia, which are known to express UBE3A biallelically (Yamasaki et al., 2003; Judson et al., 2014) . However, some of the label in AS mice was Figure 8 . Pre-embedding immunogold labeling for UBE3A in cerebral cortex at P7. A-C: The pattern of nuclear labeling is similar to that seen in the adult (compare with Fig. 6 ); label avoids heterochromatin patches and the nucleolus. D: General view shows label in nucleus (colored in blue) and proximal dendritic shaft (pink). Some label can be seen in multiple compartments of neuropil, including axon terminals (green). E,F: Label concentrates over developing vesicle-rich axon terminals. G: Label can be seen at the edge of mitochondria. Scale bars 5 2 lm in A; 500 nm in B,C,E,G; 1 lm in D; 250 nm in F. Quantification showed that the density of gold/silver particles over nuclei was at least tenfold lower in AS model mice than in WT mice (Table 1) . AS model mice displayed a more modest decrease (reduction of 70-80%) of labeling for UBE3A in neuropil. The density of labeling over nuclei in P7 AS mice was similarly tenfold lower than that in WT, mirroring our observations in adult mice. In contrast, we observed a more modest decrease (65-75%) in neuropil labeling at P7 (Table 1) .
Nuclear organization of UBE3A
We examined the adult pattern of nuclear labeling in the cerebral cortex and hippocampus in more detail. Although occasional gold/silver particles were associated with the nuclear membrane, the vast majority of UBE3A labeling was found over euchromatin domains (Fig. 6A-C) . Very little labeling was found over electrondense zones within the nucleus (interpreted as heterochromatin) or associated with nuclear organelles such as nucleoli. The same general pattern of labeling also applied to other brain regions (Fig. 10A-C) . The distribution of UBE3A in glial nuclei differed sharply from that in neuronal nuclei (Fig. 10D-F) . In the nuclei of astrocytes and oligodendrocytes, UBE3A hot spots were concentrated in and around heterochromatin domains rather than in euchromatin domains, suggesting that nuclear UBE3A plays different roles in glia and in neurons.
To test the relationship between UBE3A and DNA condensation more directly, we collected highresolution fluorescence images of UBE3A and DAPI double labeling (Fig. 11) and performed quantitative analysis on these images. Intensity correlation quotients (ICQ, computed such that -0.5 represents perfect negative covariance, and 0.5 represents perfect positive covariance between two antigens) were consistently negative, and intensity correlation plots were systematically skewed toward negative values (Fig. 12A-F) . Thus, intensity correlation analysis confirmed that UBE3A and DAPI stainings negatively covaries in multiple brain regions, implying that UBE3A is excluded from regions Figure 10 . UBE3A in neuronal and glial nuclei. Label in neuronal nuclei (A: CA1 pyramidal neuron; B: Purkinje cell; C: cerebellar granule cells) displays a quite different pattern of distribution than that in glial nuclei (D: astrocyte from cerebral cortex; E: astrocyte from CA1 hippocampus; F: oligodendrocyte from cerebral cortex). The neuronal label tends to avoid heterochromatin electron-dense zones, whereas label in glia tends to associate with heterochromatin. Scale bars 5 2 lm.
of condensed DNA. Further analysis showed that UBE3A is more concentrated in neuronal nuclei with less condensed DNA, as indicated by a paucity of DAPI hot spots (Fig. 12G,H) . This was especially striking in the cerebellar cortex, where the concentration of UBE3A was more than 20 times higher in the nuclei of Purkinje cells than in the nuclei of cerebellar granule cells (Fig. 12G) . and DAPI in neuronal nuclei, we used the intensity correlation analysis approach of Li et al. (2004) . Analyses are presented as intensity correlation plots: Each scatterplot corresponds to the nuclear region of the sections used for illustration in Figure 11 . A corresponds to Figure  11A -C, B to Figure 11D -F, C to Figure 11G -I, D to Figure 11J -L, and E to Figure 11M -O. (Scatterplots are from raw confocal images, although contrast and brightness were adjusted in the micrographs). The x value (UBE3A pixel value -UBE3A mean ) x (DAPI pixel value -DAPI mean ) reflects the covariance of both channels, and the y value reflects the intensity of DAPI. Pixels with values situated left of the x 5 0 line do not colocalize or have inversely correlated intensities, whereas pixels situated on the right side colocalize (F; for details see Materials and Methods). All plots are skewed toward negative values, implying that UBE3A and DAPI intensities covary in opposite directions. Analysis of the nuclear concentration of UBE3A shows an inverse relationship between the extent of DAPI hot spots and UBE3A concentration (G,H).
DISCUSSION
We find that UBE3A in the mouse brain has a broad subcellular distribution, perhaps reflecting diverse roles for this E3 ligase in the regulation of neuronal physiology. The subcellular distribution of UBE3A is not uniform; there are distinct neuronal compartments in which UBE3A preferentially concentrates, including euchromatin-rich domains within the nucleus and presynaptic vesicles within axon terminals. Outside of the nucleus, UBE3A appears to have a special affinity for membranes.
UBE3A appears to occupy the same neuronal compartments during early postnatal development and in adulthood, but, relative to the level in the nucleus, UBE3A levels in the neuropil appear to decline with maturation. The factors dictating spatiotemporal patterns of UBE3A localization at the subcellular level remain to be elucidated, although current evidence suggests that amino-terminal sequence variation among UBE3A isoforms helps to determine the protein's subcellular localization (Miao et al., 2013) . It is also possible that interacting proteins govern the distribution of UBE3A within cells, and the influence of either factor might change over the course of development.
UBE3A in the nucleus
The ubiquitin-proteasome system promotes protein quality control by degrading misfolded proteins in the nucleus (see, e.g., Nielsen et al., 2014) . Nuclear proteasomes have been identified in euchromatin domains and at the periphery of heterochromatin clumps (Rivett et al., 1992) . There is also evidence that proteasomes and ubiquitinated proteins accumulate in promyelocytic leukemia nuclear bodies (Fabunmi et al., 2001; Dino Rockel and von Mikecz, 2002) . Many of the enzymatic components of the ubiquitin system have nuclear localization signals and have been identified in the nucleus. Thus, it is not surprising that, in addition to its role in degrading misfolded proteins, the ubiquitin-proteasome system has been implicated in regulating chromatin structure and in controlling the location and lifetime of specific transcriptional activators, coactivators, and repressors (Osley et al., 2006; Bader et al., 2007) .
Despite this evidence, the function of nuclear UBE3A in neurons is unclear. We found UBE3A in discrete hot spots over euchromatin within neuronal nuclei, well positioned to regulate the expression of active genes. Like other ubiquitin E3 ligases, UBE3A might modify the turnover of histone modification enzymes (Cao and Yan, 2012) . Alternatively, UBE3A might affect the function of specific transcription factors. For example, UBE3A may act by ubiquitinating superoxide dismutase 1 (SOD1), which can itself act as a nuclear transcription factor (Mishra et al., 2013; Tsang et al., 2014) . SOD1 mutations have been linked to autism (Kovac et al., 2014) , which in turn has been linked to maternal 15q11-13 copy number variation that may cause UBE3A overexpression, and to modified phosphorylation that can cause UBE3A hyperfunction (Cook et al., 1997; Christian et al., 2008; Glessner et al., 2009; Hogart et al., 2009 Hogart et al., , 2010 Iossifov et al., 2014; Yi et al., 2015) . UBE3A also exhibits transcriptional effects independent of its role as an E3 ligase (El Hokayem and Nawaz, 2014) . For example, UBE3A is actively recruited to the pS2 promoter in response to estrogen (Reid et al., 2003) and serves as a transcriptional coactivator for steroid hormone receptors, regardless of the functionality of its E3 catalytic domain. We found that, in contrast to neuronal UBE3A, glial UBE3A was associated with heterochromatin, suggesting different functional roles for nuclear UBE3A in neurons and glia.
UBE3A in the Golgi apparatus and mitochondria
Loss of Ube3a is linked to alkalinization of the Golgi apparatus, associated cisternal swellings, and deficits in protein sialylation (Condon et al., 2013) . Although we did not observe swollen or distended neuronal Golgi within either AS or Ube3a KO mice, we did observe UBE3A in close proximity to Golgi endomembranes, in a position to regulate the turnover of transmembrane proteins that maintain pH in the trans-Golgi network (Condon et al., 2013 ). The Na 1 /H 1 exchanger isoforms NHE7 and NHE8 preferentially localize to the Golgi apparatus and are key mediators of ion homeostasis within this endomembrane system. NHE8 overexpression enhances H 1 secretion from the Golgi lumen, thereby increasing Golgi luminal pH and phenocopying the effect of Ube3a loss (Nakamura et al., 2005; Condon et al., 2013) ; NHE8 is thus a plausible candidate ubiquitin substrate of UBE3A, possibly accumulating to pathological levels in AS. Whether UBE3A directly regulates NHE8 or NHE7 is unknown, but, supporting a possible link between UBE3A and Na 1 /H 1 exchangers, we note that mutations of the related exchanger NHE6 result in endosomal-lysosomal dysfunction and Christianson syndrome, a disorder phenotypically similar to AS (see, e.g., Stromme et al., 2011; Pescosolido et al., 2014) . Several recent studies implicate UBE3A in mitochondrial function. Hippocampal neurons of AS mice reportedly have abnormally small mitochondria with disorganized cristae , although we did not observe such gross structural abnormalities in our study. Loss of Ube3a was also shown to be associated with key enzymatic deficits in the mitochondrial respiratory chain Llewellyn et al., 2015) , which may increase the production of reactive oxygen species. Accordingly, mitochondrial superoxide levels appear to be abnormally elevated in the hippocampal neurons of AS mice and may contribute to deficits in synaptic plasticity, learning, and memory (Santini et al., 2015) . Our finding that UBE3A localizes to the outer membrane of neuronal mitochondria may provide further insight into the relationship between loss of UBE3A and mitochondrial dysfunction in AS.
UBE3A in synapses
UBE3A deficiency is associated with defects in synaptic plasticity, so its synaptic localization is of particular interest. We found UBE3A in the cytoplasm of dendritic spines at levels equivalent to the level found in dendritic shafts. Labeling was rarely directly over postsynaptic densities (PSDs), consistent with findings from biochemical fractionation studies (Gustin et al., 2010) and with the negative findings of several proteomic studies (Cheng et al., 2006; Collins et al., 2006; Bayes et al., 2012) and thus is unlikely to reflect an inaccessibility of PSDs to UBE3A antibodies. Despite a relatively low concentration in PSDs, UBE3A may nevertheless participate locally in postsynaptic regulation, perhaps by regulating the turnover of SAP97 and other synaptic proteins within the cytoplasm of dendritic spines (Matsumoto et al., 2006; Li et al., 2014) .
We found UBE3A to be enriched in both nascent and mature axon terminals. Loss of UBE3A expression in axon terminals during early stages of postnatal development could potentially lead to wiring defects in AS model mice. Overexpression of the putative UBE3A substrate ephexin 5 suppresses excitatory synapse formation in developing hippocampal neurons (Margolis et al., 2010) , in general agreement with electrophysiological correlates of reduced excitatory synapse number in AS mice (Yashiro et al., 2009; Greer et al., 2010; Wallace et al., 2012) . Although ephexin 5 is expressed in axons and could presumably inhibit excitatory synapse formation via a presynaptic effect, this reduction has been ascribed to postsynaptic functions of ephexin 5 (Margolis et al., 2010) . Within axon terminals, UBE3A was specifically associated with synaptic vesicles. Although no integral synaptic vesicle proteins (Takamori et al., 2006 ) have yet been identified as targets for UBE3A, UBE3A is thought to modulate the degradation of asynuclein, a protein closely associated with synaptic vesicles (Maroteaux et al., 1988; Jensen et al., 1998; Mulherkar et al., 2009; Ham et al., 2013) . The enrichment of UBE3A in axon terminal complements our previous finding that UBE3A deficiency causes a striking accumulation of clathrin-coated vesicles in axon terminals (Wallace et al., 2012) and points to its possible role in synaptic vesicle cycling.
Our results show that some neuronal UBE3A labeling remains in AS mice, perhaps reflecting the unusual imprinting mechanism involved (Landers et al., 2004; Le Meur et al., 2005) . Rather than being uniformly distributed across the different neuronal compartments, UBE3A in AS mice concentrated in neuropil, especially in axon terminals, and was almost entirely absent from nuclei. This phenomenon points to an intriguing differential regulation of UBE3A in axon terminals and nuclei, perhaps related to the properties of different splice variants (Yamamoto et al., 1997) .
CONCLUSIONS
The present evidence demonstrating UBE3A in multiple subcellular compartments offers intriguing clues to its functions. Its association with mitochondria supports previous suggestions that UBE3A helps to regulate oxidative metabolism, and its concentration in axon terminals is likely to be physiologically significant for the function of individual synapses. Conversely, its presence selectively in euchromatin-rich nuclear domains suggests that UBE3A may also mediate global effects on neuronal physiology by regulating gene transcription. Our results should inform mechanistic interpretations of defects resulting from UBE3A loss or overexpression and may guide studies of UBE3A-interacting proteins, including candidate substrates.
